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Un concept optique de signaux numériques pour mesurer des micro-déformations a été 
développé. Ce concept offie la possibilité d'égaler ou de surpasser la précision et 
l'exactitude obtenues avec les méthodes traditi0MehS de mesure de contraintes. Ce- 
nouvelle méthode élimine la nécessité de mettre en contact le capteur avec la surface à 
mesurer, supprimant ainsi les problèmes associés au contact du capteur avec la surface. 
Le principe op6ratiomel du capteur optique consiste en la création d'images 
photographiques numériques de la surface dont la deformation doit être r n e s e e  avant et 
après l'application de la contrainte. Les images sont séparées l'une de l'autre par une 
distance connue et constante. Elles sont sauvegardées en fichiers graphiques dans un 
ordinateur, puis analysées. L'analyse consiste B d6temiiner le changement de la distance 
enm les zones prés61ectionnées sur des images par un procédt appdé cappariement 
modèle-objet ». La valeur de la contrainte provient de la division de la diff6rence d&ivée 
en distance (A) par la longueur totale de la jauge de déformation (L, la distance entre les 
images). 
Afin de valider la viabilité du nouveau concept, un appareil expérimental a 6té construit 
dans le but de comparer les mesures de dtformatiom obtenues par celui-ci avec celles des 
jauges électriques courantes en utilisant des éprouvettes prélevtes sur différents 
matériaux et soumises à des essais de compression uniaxiale. 
De façon générale, les séries d'essais ont réussi à démontrer la viabilité du concept de 
capteur de déformation optique numérique. Des écarts se sont produits dans quelques- 
uns des résultats mais la plupart d'entre eux peuvent être attribués à certaines lacunes 
relatives à l'appareil expérimental, la méthode de ktement  de l'image et les procédures 
d'essai. 
II est certain qu'un système optimisé ainsi que l'amélioration des procédures va mener à 
une technique offrant la possibilité d'6galer ou de surpasser la précision et l'exactitude 
obtenues avec les méthodes traditionneUes de mesure de d6formations, avec, cependant, 
un avantage significatif; cette nouvelle méthode 6Iimine la nécessité de metire en contact 
le capteur avec la surface à mesurer, supprimant ainsi les problèmes associés au contact 
du capteur avec la surface. 
ABSTRACT 
An opticd-digital concept for the measurement of micro strains was developed which has 
the potential tu match or to surpass the precision and accuracy of that of conventional 
strain measurement methods. The method obviates the need for contact of the sensor 
with the surface to be measured, thus eIiminating problems associaîed with contact of the 
sensor with the surface. 
The operating principle of the optical sensor is the creation of digital photographie 
images of the surface whose strain is to be measured before and after sûab is induced. 
The images are separated fiom one another by a known, constant distance. The images 
are stored as graphic files in a cornputer and are analyzed. The analysis consists of the 
determination of the distance between pre-selected areas on opposing images before and 
after the strain was induced, and measuring the difiference of the distance between these 
fatmes as a result of the strain. 
In order to validate the viability of the novel concept, an experimental apparatus was 
constructed with the purpose of compaskg s a  measurements with the apparatus with 
that of conventional electrical strain gauges, using test specimens of different materials 
under compressive loads. The apparatus consists of two CCD cameras in conjunction 
with suitable optical equipment manged at fixed distances fkom one another, which 
pennits two a ,  of the surface to be photographed. The images are digitized by means 
of a h e  grabber and are stored as .TIF files on a PC cornputer. The strain 
measurement comprises a process tenned "template matching", which involves the 
tandom selection and determination of the location of areas (templates) on the reference 
images before the induction of strain, searching for the same tempIates on the images 
creaed after the s h  was induced, and detennining the new locations. The stcain value 
is derived by dividing the derived difference in distance (A) over the total length of the 
strain gauge (L, the distance between the images). 
Initial tests with the apparatus were carried out to determine image size, pixel dimensions 
and distance between the two images. The surface illumination was optimized so as to 
obtain the best possible image within the limitations of the iqeïkcntd apparatus. A 
problem with image movement was identified as the source of emtic measurements, 
which could be ovemrne by using a battery as power source for the cameras rather than 
an electrical h e  transformer. 
In order to demonstrate the validity of the novel rnethod, a series of uniaxial loading tests 
with instnunented test specimens of different rnatexials was conducted to directly 
compare the strain measurements with the opticai sirah gauge to that of electrical strain 
gauges. The tests were designed to not only demonstrate the viability of the concept but 
aIso to simulate a rosette strain gauge and to study the effect of different surface 
morphologies on the capability of the sensor to measure strains. 
The test simples consisted of diamond drill rock cores and a rnachined aluminum rod 
respectively, dl with a diameter of 100 mm and a LlD ratio of 2.0. Electncal sirain rosettes 
were attached on the sides of the test specimens. The test samples were loaded axially in a 
T i u s  Olson press. The optical strain gauge was installed on the test machine table so that 
it was possible to photograph the specimen surf' immediatdy next to one or between two 
of the rosettes at the same angles as that of the gauges cumprising the rosettes. 
Measurements were done paralle1, perpendicular and at 4 9  to the direction of the applied 
load, 
It was found that the optical sixain gauge performed very weli in axial strain 
measurements. In tests with aluminum, granite, limestone and potash the results of the 
optical strain gauge were virtuay identical with that of the respective elecîrical strain 
gauges. Slight clifferences between the strain measurements were attributai to the fact 
that the optical main gauge was not measuring at the exact same location as the 
comparative electrical strain gauges, and that actual sîrains on different locations of the 
specimen surfaces were not identical. 
The good results are especially remarkable for the test with potash and limestone, where 
the surface images of the fonner were almost devoid of features and template matching 
senes for both mattrials had rdatively large standard deviatiom. It is also notewoahy 
that aü results were obtained in spite of the large ratio between image displacements 
causecl by the axial translation of the test specimens in the direction of the applied loads 
and the small displacements atiributable to the compressional strain in the test specimen. 
In the experimental apparatus these trans1ational displacements generally lead to 
Mcul t ies  in accurately d e t e r e g  the positiofis of the templates because of changes in 
lighting angles, image distortions and the movement of image features beyond the image 
boundaries. 
In tests at 4 9  to the direction of the load it was found that most of the measurements with 
the optical sensor were to varying degrees erratic, which could be explained by the large 
axial translation of the test specimens relative to the small strain displacements obtained 
at 45'. The resdts show that in the test with limestone there was good comlation while 
in the test with aluminum the optical sensor values foliow the theoretical c w e  much 
closer than either of the electncal sUain gauges. Poor comlations were obtained in tests 
with granite and potash. 
As in tests at 4s0, most of the measurements with the optical sensor nomial to the load 
were to varying degrees erratic, again atîributed to the large axial translation of the test 
specimens relative to the s d  saain displacements. In spite of this, the results of the 
optical s e  gauge measurements were very good in the tests with aluminum and 
limestone. In the former, the data a m  weil with that of the theoretical strains and the 
measurements with one of the strain gauges. On the other hand there was not very good 
comlation in the tests with granite and potash 
In general, the test senes were successfbl in demonstrating the viability of the optical- 
digital s& sensor concept. There were discrepancies in some of the resuit, but most of 
these c m  be attributed to sorne of the shortcomings in the experimental apparatus, the 
image processing method and the test procedures. The apparatus and procedures were 
not designed to optirnue the optical-digital method, but merely to demonsirate the 
principle and to identw some of the characteristics of the method. In that, the test series 
has very well succeeded and has met its objectives. 
It is certain that an optimized system with coaxial lighting, more suitable optical 
equipment and a more suitable camera system (such as the use of a high capacity single 
camera, for example), wil l  produce betîer quality images and eliminate the effect of 
image jitîer, compression and float. Another aspect is the large mindational 
displacement of the image features relative to the magnitude of strain displacements. This 
again is a characteristic of the apparatus and the test procedure which does not reflect 
poorly on the viability of the concept but is rather a proof that, in spite of this obst..de, 
the method can deliver good results. Fiially, the template matching software is probably 
not the best method available. It is certain that research and development for the 
opthkition of the image recognition & position detenniniftion will produce a more 
robust software which wiU be capable of producing more accurate resdts. 
Un concept optique de signaux num6riques pour mesurer des microdéformations a été 
développé. Ce concept offre la possibilité d76galer ou de surpasser la précision et 
l'exactitude obtenues avec les méthodes traditionnelIes de mesure de déformations. Cette 
nouvelle méthode 6limine la nécessité de mettre en contact le capteur avec la surface à 
mesurer, supprimant ainsi les problèmes associés au contact du capteur avec la surface. 
Le principe opérationnel du capteur optique consiste en la création d'images 
photographiques numériques de la surface dont la déformation doit être mesurée avant et 
zp&s i'appZeh'Joil de izia contrainte. Les images sont séparées l'une de i'autre par une 
distance connue et constante. Elles sont sauvegardées en fichiers graphiques dans un 
ordinateur, puis analysées. L'analyse consiste à déterminer la distance entre les zones 
présélectionnées sur des images opposées avant et apds l'application de la contrainte et à 
mesurer la différence de la distance entre les caractéristiques, résultant de la contrainte. 
Afin de vaLider la viabilité du nouveau concept, un appareil expérimental a été construit 
dans le but de comparer les mesures de contraintes obtenues par celui-ci avec celles des 
jauges électriques courantes en utilisant des éprouvettes prélevées sur différents 
matériaux et soumises à des compressions uniaxiales. L'appareil est composé de deux 
caméras à dispositif de couplage de charge installées conjointement avec un équipement 
optique adéquat et dispos& ii distance fixe l'une de l'autre, permettant ainsi de 
photographier deux zones d'une surface. Les images sont num6risées à l'aide d'un 
saisisseur d'image et sont sauvegardées en fichiers .TIF dans un micro-ordinateur. La 
mesure des déformations comprend un procéd6 appel6 «appariement modèle-objet », 
lequel inclut la sélection au hasard et la détermination de l'emplacement de zones 
(modèles) sur les images de référence avant l'application de la contrainte ainsi que la 
recherche des mêmes modèles sur les images créées après la mise en charge de 
l'éprouvette, et la détermination des nouveaux emplacements. La valeur de la 
déformaton provient de la division de la diffkrence dérivée en distance (A) par la 
longueur totale de la jauge de contraintes (L, la distance entre les images). 
Les premiers essais effectués avec l'appareil expérimental ont servi à déterminer la 
grandeur de l'image, la dimension des pixels et la distance entre les deux images. 
L'éclairage de la surface a eté optimisé a f b  d'obtenir la meilleure image possible à 
l'intérieur des limites de l'appareil. Un problème avec le mouvement de l'image a été 
identifié comme étant la source de mesures irrégulières. Ce problème pourrait être 
comgé en utilisant une pile pour l'alimentation en énergie des caméras plutôt qu'un 
&ansformateur électrique de basse tension. 
Afin de démontrer la validité de la nouvelle méthode, une série d'essais de compression 
uniaxiale ont eté effectués sur des éprouvettes instrumentées de différents matériaux dans 
le but de comparer les mesures de déformations de la jauge optique directement avec 
celles des jauges électriques. Ces essais ont été conçus non seulement pour dérnmtmr la 
vi25ïïité du concept mais Cgalement pour simuler une jauge en rosette et étudier l'effet de 
xiv 
différentes morphologies de surface sur la capacité du capteur ii mesurer les 
déformations. 
Les échantillons étaient respectivement composés de carottes de roche prélevées au moyen 
d'une foreuse à diamant ainsi que d'une banc d'aluminium usinée de 100 mm de diamètre 
et de 200 mm de longueur. Les jauges électriques en rosette étaient fixées sur les wtés des 
éprouvettes. Les khantiuons étaient chargb en direction axiale dans une presse Thiw 
Olson. Le capteur optique Ctait installé sur le bâti de la presse de fiçon à pouvoir 
photographier la surfke de l'éprouveüe directement à côté d'une des rosettes ou entre deux 
rosettes et ce, suivant les mêmes orientations que les jauges des rosettes. Les mesures ont 
été prises parallèlement et perpendiculairement à la direction de la charge appliquée ainsi 
qu'à 4s0. 
Ii a été constaté que la jauge de déformation optique a très bien fonctionné lors de la 
mesure des déformations axiales. Au cours des essais avec I'aluminium, le granite, le 
caIcaire et la potasse, les résultats obtenus avec la jauge optique etaient pratiquement 
identiques à c m  obtenus avec les jauges tlectriques respectives. Les ltgères différences 
entre les mesures de contraintes ont 6tt attribuées au fait que la jauge optique ne mesurait 
pas exactement au même emplacement que les jauges électriques comparatives et au fait 
que les diiformations réelles B diffi5rent.s emplacements de la s d a c e  de l'éprouvette 
n'&aient pas identiques, ii cause de I'h6térogén6ité des matériaux. 
Les résultats sont particulièrement remarquables avec les essais sur la potasse et le 
calcaire : les images de surface pour ce dernier matériau étaient presque dCpourvues de 
caractéristiques et la série d'appariements modèle-objet pour ces deux matériaux 
présentaient des écarts types relativement grands. Il convient de noter que tous les 
résultais ont éd obtenus malgré le rapport élevé entre les déplacements d'image causés 
par la translation axiale des éprouvettes dans la direction des charges appliquées et les 
faibles dCplacements attribuables à la contrainte de compression dans l'éprouvette. Avec 
l'appareil expérimental, ces déplacements de translation ont généralement entrainé des 
difficultés à déterminer de façon précise le positionnement des modèles i cause des 
changements dans les angles d'éclairage, des distorsions de l'image et du mouvement des 
caractéristiques de l'image au-delà de son contour. 
Lors des essais à 45' de la direction de la charge, il a 6té constaté que la plupart des 
mesures avec le capteur optique étaient plus ou moins irrégulières, ce qui s'explique par 
la grande translation axiale des éprouvettes par rapport aux légers déplacements dûs aux 
déformations obtenus B 45'. Les résultats démontrent que lors de l'essai avec le calcaire, 
il y avait une bonne corrélation, et lors de l'essai avec l'aluminiwi, les valeurs du capteur 
optique ont suivi la courbe théorique beaucoup plus près que toutes les jauges électriques. 
De faibles corrélations ont &té obtenues lors des essais avec le granite et la potasse. 
Comme c'était le cas lors des essais à 4s0, la plupart des mesuns perpendiculaires à la 
direction de la charge avec le capteur optique étaient plus ou moins irr6gulières, ce qui 
s'explique de nouveau par la grande translation axiale des éprouvettes par rapport aux 
légers déplacements dûs aux déformations. Malgré ce fait, les résultats de mesurc avec la 
jauge de contraintes optique ont été îrès bons lors des essais avec l'aluminium et le 
calcaire. Les données relatives au l'aluminium ont bien concordé avec les données des 
déformations théoriques et les mesures de l'une des jauges de déformation. Par ailleurs, 
il n'y avait pas une très bonne corrélation lors des essais avec le granite et Ia potasse. 
De façon gtMrale, les séries d'essais ont réussi à d6montrer la viabilité du concept de 
capteur de deformation optique numerique. Des écarts se sont produits dans quelques- 
uns des essais mais la plupart d'entre eux peuvent être amibu6s à certaines lacunes 
relatives à l'appareil expérimental, la méthode de traitement de l'image et les procédures 
d'essai. L'appareil et les proddures n'ont pas été conçus pour optimiser la methode 
optique num&ique mais simplement pour dkmontrer le principe et identifier quelques- 
unes des caract6nstiques de la méthode. Dans cette optique, les essais ont très bien réussi 
et ont répondu aux objectifs. 
il est certain qu'un système optimisé avec un éclairage coaxial, un équipement optique 
plus approprié et un système de camera plus aàéquat (tel que l'utilisation d'une caméra 
unique B grande résolution) produiront des images de meilleure qualité et elimineront les 
effets causés par l'instabiité de l'image, la compression et le sautillement. Un autre 
aspect B soulever est le grand deplacement de translation des caractéristiques de l'image 
par rapport à l'ampleur des deplacements diis aux défonnationts. Ce f a t  est Cgalement 
une particularité de l'appareil et de la procédure d'essai qui ne sont pas liées au concept 
proposé, et qui démontrent que malgré ces obstacles, la méthode peut donner de bons 
résultats. Finalement, le logiciel d'appariement modèle-objet n'est probablement pas la 
meilleure méthode qui existe. Ii est certain que la recherche et le d6veloppement visant à 
optimiser la reconnaissance d'image et la d6termination du positio~ement générera un 
logiciel plus robuste qui pourm produire des résultats plus précis. 
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CHAEW3R 1: INTRODUCTION 
This thesis describes a new concept for the measurement of strains. In particular, a 
photographie concept is described which has the potential to mesure displacements with 
a resolution near or betîer than 0.1 microns, making it suitable for many s a a i n  
measurement applications. The method obviates the need for contact of the sensor with 
the surface to be measured. This etiminates problems associated with contact and thus 
allows it also to be used in areas previously considered unsuitable. 
CaAPTER 2: BACKGROUND 
Although the measurement of strains is used in many engineering fields where the novel 
technique could potentially be applied, the following bnef review is iimited to areas of 
geomechanics and materials testing. 
Stress DeteIllilflaîions 
Stress and stress change detenninations are carried out mostly in underground mines, 
dams and d a m  foundatio~~~, underground civil engineering structures, road and railway 
tunnels, bridge and building foundatiom. The method most cornmonly used for in situ 
stress measurements is borehole overcoring (Jaegger and Cook 1979). There are various 
methods, all of which rely on the measurement of strains due to relaxation when a 
cylindrical piece of material is removed fkom a stressed formation such as a rock mass, a 
dam or a foundation. 
With these methods the stresses ate relieved completely at the measurement locations. 
The resulting strains are usually measued by the use of electncal strain gauges attached 
or implantai by various means on or inside the cyhder. 
Anùther method is borehole slotting (Foruria 2987, Kanduth and Hudyma 1995) which 
relies on the measurement of strains at the wall of a borehole in response to the partial 
relaxation of the waU when a slot is cut into it. The seains are measured with a tangentid 
strain sensor equipped with electrical sfrain gauges, which is pressed against the borehole 
wall adjacent to the slot. 
Materials Testing 
Electrical simin gauges are often used in the field of materials testing. Usually, the 
mechanical characteristics, such as creep, elastic properties, expansion coefficients, etc. 
of materials are determined by attaching strain gauges to the surface of the test specimen, 
and measuring strains as the materials are subjected to various mechanical and thermal 
influences. 
23 Review of Straio Measurement Techniques 
2.2.1 Electrical resistance strain gauges 
The majority of strain measurements techniques rely on electrical strain gauges. They 
work on the principle of the change of resistance of an electncal wire as a function of 
&ute ckmges in its Iength, which is measured and used to Ilifer the straim. In general, 
these devices are sîi-yZ orecise, diable and chea~  to use. However, the technique has 
severd disadvantages which are listed below. 
The most important of these is that the strain gauge must be in sorne form of contact 
with the surface to be measured. This is usually accomplished by pressing against, or 
gIuing or welding the gauge on the measuring surface. This gives nse to several 
problems: 
-When glue is used, there is often de-bonding of tk griuge in hostile environmenîs, or 
when proper precautions have not been taken in its installation, or when there are 
large deformations. In addition, the hysteresis of the glue layer between the sUTface 
and the gauge rnay falsify the strain rneasurement. 
-When the gauge is pressed against the surface (i.e., fiiction gauge), the problems is 
that when the pressure is too weak, it allows slippage and non-confomiity of the 
gauge with respect to the strains of the surface. m e n  the pressure is augmented, it 
may influence the strains of the surface as well as the behavior of the gauge. 
Another problern is the gauge's sensitivity to changes in temperature, which affects 
the gauge's resistivity. There are several methods to compensate for these effects, but 
they can be very elabrate and may not be practical in many applications, especially 
in rock or rock like materials. 
Due to the fact that the sh.ains are measured in the p-ohm range, the system is very 
sensitive to moisture, inductive noise, poor electrical connections (connectuis have to 
be made of gold) and other environmental interferences. 
In long-term installations or in situations where large strains are encountered, the glue 
is subject to creep, which will faIse the nadings or render the gauge useless. 
23.2 Electro-opticai or opticai strain gauges 
Although there is limited use of these types of saain gauges in mining and civil 
engineering, there is a large body of expertise in the field of stra in  measurements using 
the electro-optical or optical strain gauges. There are many techniques and types of strain 
gauges - t w  many to list - used in a variety of applications. 
However, one thing they have in common is the use of some type of cohercnt light and 
various effects of interference in response to mains. Another common feature is the 
necessity for the gauge to be in contact with the surface to be measured, s i d a r  to that of 
the electrical strain gauges. 
Consequently, all the disadvmtages and problems related to contact with the surface 
listed previously apply to the use of electm-optical and optical stra in  gauges. 
2.23 Vibwting wire strain gauges 
Vibrathg wire strain gauges are used to measure displacements. They work on the 
principle of the measurement of the change of frequency of a mechanically or electrically 
plucked pretensioned wire in response to changes in the pressure acting on the housing 
within which, or structure on which the wire is installeci (Franklin 1990). Its application 
is mainly in long-tenn monitoring of stress changes in structures and is usually not used 
for the determination of in situ stress. 
23.4 Laser interferometry methods for noneontact measurement of strains 
There have been methods proposed which rely on principles that obviate the need of 
contact with the measureà surface. These methods can be classified broadly into two 
categones, narnely speckle pattern uitederornetry and laser holography. 
The following is a brief summary of the operating principles and characteristics of the 
two measurement methods. 
2.2.4.1 Speckle pattern interferornetry 
This  method works on the principle that when any type of coherent radiation is reflected 
fion, or is transmitted by a diffusing surface or medium, the resulting image &es on a 
speckled appearance (Lothian 198 1, Gregory 1979, Chiang et al 1980, -ter 1980, 
Jones 1976, Vachon 1986, 1991, Leendertz 1997). This speckle pattem is caused by 
mutual interference of the coherent radiation because of the optical roughness of the 
surface or medium, and has a real existence which cm be photographeci or recorded. 
When two such photographs or recordings are made of a surface or medium before and 
afkr some displacement has taken place, the speckle pattern of the second image is 
different to that of the fim. When the two images are superimposed and the speckle 
pattern of the first image is subtractexl fkom that of the second (either optically or 
electronically) the result is a series of fringes fkom which the amount and direction of 
strains can be cdculated. 
Speckle pattern interferometry has tkc t;:p~Vility to meet the rquired precision for the 
measurement of micro saains and wouid - in principle - be very suitabb for in situ stress 
measurements and materials testing. However, the method requires the maintenance of 
the precise location of the optical device between the recordhg of the two images which 
makes it unsuitable for the proposed applications. 
2.2.4.2 Laser holography 
As the name implies, this technique produces a hoIogram of the surface to undergo 
displacement or strain by projecting a laser beam directly, and a reference beam 
indirectly, onto the surface with the result that a holographie image of the surface is 
created (Bass et al 1986, Duk-Won Padc 1986, Jacoby and WiUiamson 1976, Ramsey 
1974, Sica and Hwalingl981, Smither et al 1988,). After s e  are induced, a second 
hologram is made of the surface. 
The two holograms are then superimposed, where the subtraction of the reference image 
nom that of the secondary image (similar to the speckle pattern rnethod) aeates fringes 
which are representative of the strains the surface has undergone. 
As above, the method would have the required characteristics for the proposed 
applications in te- of precision, but it has the same disadvantage as that of the speckle 
pattern interferometry method, ~iamely that it necessitates the precise positionhg of the 
device for the two images. 
In the field of in situ stress measurements in rock, for example, where relaxation strains 
are induced by some mechanical work such as overcoring or cutting of a dot, it would be 
very dincd t  to maintain the exact position of the mkasuring device during this operation. 
Therefore, the method would not be feasible. 
23.5 Opticai digital image analysis techniques 
2.2.5.1 Measurement of tensile strains in BraPIian test 
The method most closely relateci to the present work uses an optical image analysis 
technique. Das et al (1995) reports on the application of such a method to m e a m  strains 
in Brazilian tensile strengti tests of lightly cemented sand specimens . 
One of the methods known to d e t e d e  the tensile sangth of engineering materials is the 
Brazilian test, whert a cylindrical specimen of the tested material is placed horizontally in a 
press and is subjected to compressive load mtil the specimen fails in tension diametrically 
in the direction of the applied load. However, in the reported work, it was also of interest 
to determine the diametral strains of the test specimen as the load was applied. To make 
this rneasurement, the authors employed an optical image analysis method. 
Before placing the specimen under the press, a grid of reference points of approximately 
0.9 mm diameter each was applied by meam of spray paint onto one of the ends of the test 
specimen. An optical long-distance microscope was placed at a distance of 300 mm h m  
the end of the specimen containing the reference points to obtain a magnified view of an 
area of 11.16 X 10.43 mm of the surface at the centri: of the specimen end Adjustments 
wexe made to the microscope to e n m  its position no~mai to the end surface as weU as to 
bring the surface into focus. The microscope is m h e d  to a charge couple device (CCD) 
with 480 X 512 pixels, capturing the 1 1.16 X 10.43 mm surf'ace image. The digital image 
is sent via a hame grabber to a amputer. The digital signals are then translated into an 
image file for analysû via commercial interactive image analysis software. 
Before making any measurements, a calibration is made to obtain the scale factor relating 
the displacements mtasured on the digitized image on the computer screen to that on the 
actual test specimen. For any given image, conespondhg to a given load, the tende sûaïn 
along the diameter of the specimen at right angles to the load is obtained by measuring the 
distance between two grid points Iocated at equal distance f?om the centre of the end 
surface of the specimen and approxirnately 9 mm apart fiom one another, representing a 
strain gauge length of 9 mm. 
The rneasurement is done on the computer screen using the interactive image analysis 
software. 
Most commercial image analysis softwares are capable of resolving a pixel into eight 
components along each axis. Therefore, a grid line containing 512 pixels can be resolved 
into (512x8)- 4096 data points. m e n  this is used to measure the length of the test image 
which is 1 1.16 mm (1 1,160 p), the maximum anainable resolution is (1 1, I6û/4W6)-2.72 
microns per pixel along the length of the image. When expressed as strains M,, that is the 
difference in length m d  / total length of the strain gauge of 9mm, the overall 
resolution is 
''' 2.72 p z  Lr the resolurion nt each end of the strain gauge. Therefore the value hm to 
be doubled to occount for both ends of the gauge. 
Although this resolution appears to be adequate for the particdar tests d e d  out by Das, it 
f& far short of the resolution requited for most applications in the field of civil and 
mining engineering. For example, h the determinaiion of elastic properties of rocks the 
required accuracy is <5 p-strains for readings below and Q% of the reading for readings 
above 250 p-strains (ASTM). The resolution of the strain measurement as reported by Das 
could be improved by, for example, using a photonic sensor with a 30 times higher number 
of pixels. but at the present time such a sensor does not exist MSO~ even if such a device 
would be technically feasible, under the current state of the art it would be vexy large and 
would be unusable in many of the proposed applications. 
2.2 5.2 Video extensometer 
Donidorfer, Messphysik Laborgraete Ges.m.b.H., Austria, describes another apparatus 
using a digital image processing method. The apparatus is marketed as Video 
Extensometer ME-46. 
The principIe of operation is the acquisition of images of the test surface by a single 795 
X 596 pixel CCD camera with a liaear resolution of 4 grey scale values per pixel, before 
and afkr the induction of strains. The test surface is marked by felt tip or marker tape to 
faciltate the determination and recognition of two marker points representing the Iength 
of the gauge, which can be anywhere £rom 50 mm to 200 mm as claimed by the 
manufacturer. The images are transferred to a cornputer via a h e  grabber, where 
suitable software is used to detemine the location of the marks before and after the 
induction of strains. The respective gauge lengths are computed and the strains are 
calculated by dividing the ciifference in gauge length (A) by the total length of the gauge 
(L). The linear resolution of the system is: 
795 pixels x 4 (grey scde valuedpixel) - 3 180 data points / line 
Based on the author's publication the shortest gauge length in his application is 50 mm 
where 3180 data points wiU result in 15.7 p / data point. Therefore, this strain gauge 
length will lead to a resolution of 
As in the case above, this is far short of the required resolution for s e  measurements in 
materials testing or in the determination of stresses. 
'" 15.7 p n  is the redution at euch end of the strain gauge. Therefore the value has to 
be doubled to account for buth ends of the gauge. 
CHAPTER 3: NOVEL OPTICAL STRAIN SENSOR 
In view of the difficulties and limitations associated with the methods described above, a 
novel rnethod was developed and is described herein. 
The method has the potential to meet the performance and the requirements of conventional 
sûain measment  methods. Potentiaiiy it is capable of measining strains with the 
required precision but with the difference that it does not have to rely on contact of the 
sensor with the smface to be measured. Moereover, a translation of the sensor or the test 
specimen will not influence the measurernent of the displacements or stcains. A sensor 
using this methodology has the capability of being operated in almoa any environment and 
in ahost  any application. A description of the novel concept is aven in the followlng 
section. 
In brief, the operating principle of the straui sensor is the digital analysis of two or more 
micrograph images created by charge couple device (Cm) camera(s) of the test surface. 
The images are apart Erom one anotber by a known distance, typically that of the length 
of a conventional electrical strain gauge. The digital analysis consists of measuring the 
relative displacements of surface features in the images as the object is subjected to 
influences that cause the surface to deform. The sum of the rneasured displacements of 
features in two images divided by the distance between the two images is the strain. 
What makes the method different fkom the digital image methods described eatlier is the 
fact that instead of having one single image representing the entire meamring surface, 
two or more highly magnifieci images of two or more very small areas of the measuring 
surface are created. These are separated from one another by a known distance (in the 
case of the present work there are two images separated by 16 939.3 p). The distance 
between the respective images constitutes the active length of the strain gauge. 
In the case of the single image methods described in the previous chapter, the resolution 
of the strain gauge is a function of the size of the surface area which is recorded by the 
CCD camera, and the number of pixeldline contained in the photonic receptor of the 
CC2 camera. As was demonstrated in the previous two examples, this method gave 
maximum resolutions of 2.72 pm per pixel or 604 p-s-strains for a 9 mm strain gauge, and 
15.73 pn per pixel or 628.9 p-strains for a 50 mm strain gauge respectively. In contrast, 
in the novel concept described herein, and in the subsequent ~xprimental apparatus used 
to validate the methoci, the two images have a high number of pixels representing a s m a l l  
surface area With an image le@ of 0.4 mm (400 p), a photonic sensor having 640 
pixeldline, a pixel resolution of 8 and a straïn gauge length of 16 939.3 p, as is the case 
in the experimentd apparatus, the resolution is 
400/(64ûx8) - 0.078 @pixel 
2(0.078)x 1 o6 / 16 939.3 - 9.2 p-strains 
It c m  be seen that the pixel resolution is signincantly higiier and is not infiuenc ed by the 
length of the s a a i n  gauge. In fact, contrary to the single image method, where the pixel 
resolution is proportional to the sUe of the image and the straïn resolution ~emains 
constant, in the multi image method the pixel resolution is constant but the saain 
resolution is inverse proportional to the length of the gauge. 
Technically, the method takes advantage of the fact thaî when an object is subjected to 
influences that causes it to deform, the strain will result in a corresponding displacement 
of surface features. For example, when compressive load is applied axially onto a core 
specimen, the core will becorne shorter in the direction of the load and will cause the 
axial distance between surface features on the side wall of the core to shorten. When 
images of two areas dong the axis of the core side wall are produced before and afkr the 
application of the Ioad, the positions of the surface feanires in the images will have 
changed relative to each other. This displacement of the surface features can be seen in 
the example shown in Figure 3.1 where two 0.4 x 0.3 mm large images, separated axidy 
fiom one another by 16 939.3 pm, of the side waii of a granite core sample are taken 
before the bad was applicd and after the specimen was subjected to an axial charge of 17 
MPa. m e n  the subsequent change in location of the surface features is measured, it will 
Granite surface image at O MPa 
Granite s u ~ ~ e  image at 17 Mpa 
Figure 3.1 Displacement of surficial features on a granite test core 
in response to an axial pressure of 17 MPa 
be found that the total distance between the featwes, as measured in the reference images. 
wül have become shorter in the secondary images (afttr the load is applied). The change 
in distance divided by the total distance by which the two images are separated from one 
another is the strain. The measurement of the displacements of surface features is done 
by a method called 4'temp1ate matchingl* which is described in the following section. 
3.1.1 The principle of 'Template Matching' 
Basically, template matching is a computer program that is capable of detcrmining the 
location of features in a digital image and finding and determinhg the new location of the 
same features in a subsequent image. The method works by placing an imaginary square 
of a suitable size (usually a fkt ion of the total image), called a template, anywhere on 
the area of a reference image as shown in Figure 3.2, and recordhg and storing the grey 
scale sequence of pixels contained in this square together with the pixel XY coordinate of 
one of the corners, usually the top left corner of the template. Video cameras are 
designed to sweep (read) images staaing at the left pixel of the top he, and sweeping the 
lines left to right from the top line to the bottom line. The coordinate system foUows this 
convention with the point of origin king the top left pixel, the X-axis coordinate beïmg 
the pixel numkr on the horizontal line, and the Y-axis coordinate being the line number. 
The same sweeping and cwrdinate convention is used to record the pixel szquence in the 
template. The computer then searches for the matching p y  scale sequence in a 
Figure 3.2 a shows a template pîàced on a 
granite suiface image with the test core at O MPa 
Figure 3.2 b shows the new iocation of the template 
when the test core was Ioaded to 17 Mpa 
Figure 3.2a and 3.2b Template Matching 
subsequent image and records the new X'Y' coordinate of the template. Thus, for 
example, if a photonic sensor has 480 Lines (Y-axis) of 640 pixels each @-axis), and the 
upper left corner pixel of the template is number 30 on h e  number 10. the coordinate 
would be X30, Y10. If the new location has a coordinate of X'dO, Y'30, then the 
template has moved 30 pixels on the X-axis and 20 pixels on the Y-axis with a resuitant 
displacement of 
The computer program is capable of recognizing white and 251 grey scale values. This is 
used to assign a value to each pixel, which in turn ailows the linear pixel resolution to be 
enhanced by a f m t r  of up to eight using Fourier transfonn algorithms. The grey scak 
sequence in a template is relative, and for the search and recognition of a particular 
template in a subsoquent image, the computer compares not the absolute grey sale  
values but the relative ratios in the sequence, a process which is termed "normalization". 
This has the advantage that features can be recognized even when the subsequent image 
has a different grey intensity (change in illumination) or has changed in contrast (change 
in focus). 
3.1.2 Image acquisition 
There are several methods and configurations by which images can be obtained, each 
with its advantages and diszdvantages. 
in one of the possible configurations the images are obtained by means of a single, high- 
resolution CCD camera and a suitable optical anangement which permits selected parts 
of the surface, which are separated nom one another hy a hown fixed distance, to be 
photographed simultaneously. One of these configurations is shown in Figure 3.3 where 
a single camera acquires a split image of two areas of the object by an arrangement of 
two rhomboid pnsrns. Othrr pnsm arrangements would allow the acquisition of three or 
more split images. The advantage of such arrangements is that there is ody one single 
camera acquiring the split images simultaneously, which vimially eliminates the effects 
of float, compression and jitîer and assures the maintenance of the distance berneen the 
images. Another advantage is that it would be more amenable to packaging in a borehole 
insrniment. Since the image is split into two or more components, one disadvantages is 
that the CCD camera would have to have a large pixel capacity in order to have a 
suficient number of pixtls available for each split image. 
In another possible configuration, two or more CCD cameras are used in conjunction 
with suitable optical equipment arranged at fixed distances from one another, which 
permits two or more areas of the surface to be photographed. In this case. the photonic 
sensor arrays of each camera aquires the image of a s m d  surface area, and therefore the 
surfaces are represented by a larger number of pixels. This, in turn, results in a higher 
pixel resolution and hence in a higher s e  gauge precision. 
A twocamera configuration is shown in Figure 3.3. 
However, there are disadvantages in using rnulti-camera systems. Since the cameras are 
independent from one another, the effect of float, compression and jitter is considerably 
higher, which can lead to higher inaccuracies. Another disadvantage is that the 
maintenance of the distance between the images is more difficult sincc the assembly is 
more sensitive to mechanical and thermal effects which may cause shifts in the distance 
between the cameras. In addition to this, the rnulti-camera arrangement would be 
dificult to package in a borehole instrument. 
It is certain that there are other systems and configurations which might pedorm better 
than the ones describecl above. However, the optimization of the methodology and the 
equipment is beyond the scope of the present work and the expertise of the author. 
The schematic shows a single CCD ccuttera and a two CCD camera system with lem 
arrangement and prisms thot allows the acquisition of a magnifred spiit rinage in fie 
former system and iwo indepenàent magnified images in the latter system. Images are 
produced of two areas of the sugace which are separuted from one ~ o t h e r  by app. 17 
mm The size of the photographed st<rfaces LF 0.4 x 0.3 mm. The su@uces are ibn imted  
C O - d l y  by  Iight inaohced through a 4 9  semitransparent rnirror into the optical tube. 
Figure 3.3 Schematic of a single-camera and a two-camera 
digital optical s t ra in  gauge concept 
In order to confimi the viabiiity of the concept, an experimental apparatus was 
constructed that wouid be capable of measuring strains of test specimens under load, 
simulating test procedures that are employed in the detemination of mechanical 
properties of materials such as the modulus of elasticity and the Poisson's ratio. 
The apparatus was intendeci for the validation of the principle only and not for the 
optimization of the technique. However, it was hop& that, in addition to this objective, 
th- pv-ir*ram+nl WVAZL -r--rlA Lri -LI- -  wApA-vu- nuLa wuwU - ~ V L G  iû ~ X ~ S S  scmi d Sie ~Bàtii~kti~iics, parameters 
and quirks which wouid help in the optimization of the method. 
The experimental apparatus is show in Figures 3.4 and 3.5 while details of the apparatus 
are given bdow. 
The apparatus consists of two p d e 1  arranged black & white NLM-SPEC CCD 
cameras equipped with 4.8 mm X 3.6 mm photonic detectors comprising 480 Iines of 640 
photonic sensors per he. The cameras are powered by two 12 VDC batteries connecteci 
in series to deliver 24 to 25 VDC. 
The figure shows a sîrain gauge instrumented concrete core specimen under compression 
in a hydraulic press. The experimental optical sensor consists of a two-camera system 
which is seen photographing the side of the core next to one of the electrical strain gauge 
rosettes. The two separate images of the 0.4 x 0.3 mm surfaces can be seen on the TV 
monitors with one of the images displayed on the cornputer screen. 
Figure 3.4 Overail View of the Experirnental Optical Strain Gauge 
Attached to each camera is an OPTICA MML12 (16 mm focal length, 12X 
rnagnincation) optical magnifying tube and an EALING 24-1489 rhomboid 20 mm 
pnsm. This enables each camera to photograph an area of approximately 0.4 mm X 0.3 
mm of the surface of an object at a rnagnification of 12. Thus, two images of the surface 
an created which an separated from one another by a fixed distance of approxirnately 17 
The front view of the opticnl sensor shows the rhomboid pnsm arrangement with co-axial 
lighting (which w u  found to be insuflcient for the experiments). The optical assembly is 
installed on the graduated rotating disk which allows it to be rotated by 368 
Figure 3.5 View of the Optical System 
The assembly is installed on a frame which keeps the cameras at a fixed distance from 
one another. The fhme also has a provision which allows it to be rotated axially by 360' 
as seen in Figure 3.5. The frame is mounted on a h4ITUTOYO rnicrometer stage, which 
dlows the complete assembly to be displaced horizontally by 1 inch in the X- and Y-axis 
with a 0.0001 inch resolution. The image focus is adjusteci with the Y-axis micrometer 
while observing the images on closed-circuit TV monitors. The X-ais  rnicrometer is 
used to move the assembly horizontally and parallel with the test surface in order to scan 
the object surface in search for areas that have good contrast features. 
3.23 Image and data processing hardware and software 
The images are captureci and digitized with a CORECO version 2-40 h e  grabber in 
conjunction with an AT1 VRAM Mach 4 graphics accelerator card installed in a 
COMPAC Pentium Pro desk-top computer. The images are stored in .TIF file format. 
The MATROX ITOOLS INTERACTIVE program was chosen for the search and 
location of the templates. Ptel.hhary research (Coulombe 1995) has indicated that this 
software is the most robust and versatüe of the commercial image processing softwares, 
pr~viding a 1-2 pFa_t! re-soI~t;,cn cf l!8, -th the p e ~ G _ o l ~  bprcy= US T̂ CSV!.ÜUÛE tû
better than 1/10 by using Fourier Transform routines. The program has an extensive 
library of routines, which allowed the interactive creation of the "template matching" 
method. 
The experimental procedure consists of the following steps: 
a on the reference images of camera #1 and #2 selecting an area of 150x150 pixels each 
as a template, reading and storing the grey-scale sequence of the tcmplates and 
deteminkg the XY coordinates of the pixel forming the upper left corner of the 
templates, 
searching for the same templates on the secondary images of both cameras, 
detznnining the new X'Y' coordinates and subtracting these h m  the reference 
coordinates, 
reaiming to the reference images, placing another template each on a different 
location on the images, repeating the grey-scale and coordinaîe detennination and the 
search for the templates on the secondary image, 
repeating the procedure for a total of 15 times 
O reversing the procedure and searching on the reference images the templates 
established on the secondary images, and repeating this procedure 15 times. 
The cornputer is programmed to automatically subtract the X'Y' coordinates h m  the 
XY coordinates for each template rnatching procedure and writes the coordinate 
&yGmG ;c a - ~ ~ t  S h x  15 *eGpize p ù ( = c ; G ù ( = ~ ; ~ ~  in ine 
reverse order, the text file contains 2 sets of 15 cmdinaze difference values each for the 
£irst image X- and Y-axis, representing one end of the strain gauge, and two more sets of 
15 coordinate merence values for the second image X- and Y-axis, representing the 
other end of the strain gauge. 
33.1 Glossary of nomenclature, symbois, temm and conventions 
The following is a glossary of the nomenclature, symbols, tenns and conventions used in 
the calcuiations to denve sîrains h m  tests with the digital optical stlain sensor. 
Since the experimental apparatus consists of camera #1 acquiring an image at one end of 
the strain gauge, and camera #2 on the other end, and that the procedure is repeatcd after 
the s& has occurred, the Mlowing convention is used to idenm the images: 
camera #1 reference image 
camera #2 reference image 
camera #1 post strain image 
camera #2 post strain image 
The folIowing symbols are used for the identification of the coordinates in the pixel 
coordinate system. 
Ii pixel X-axis coonhate 
12 pixel X-axis coordinaie 
Il pixel Y-axis coordinate 
I2 pixel Y-axis coordinate 
11 ' pixel X-axis cwrdinate 
12' pixel X-axis coordinate 
II ' pixel Y-axis coordinate 
12' pixel Y-axis coordinate 
Xi  (pixeij 
X2 (pixel) 






The following symbols are used for the pixel displacements in pixel units: 
11 X-axis pixel displacement (XI  -X 1 ') 
12 X-axis pixel displacenient (X2-X2') 
11 Y-axis pixel displacement (Y 1 -Y 1 ') 





The following symbols are used for the pixel dimensions in pm: 
11 X-axis pixel dimension 
I2 X-axis pixel dimension 
Il  Y-axis pixel dimension 
I2 Y-axis pixel dimension 
The Wowing symbols are used for displacernent distance in p: 
Il X-axis displacement distance @XI* Pxi) 
12 X-axis displacement distance (SX2* Pm) 
11 y-&s  SI?^^^^ &s~=c.& @y!* si) 
I2 Y-axis displacement distance (6Y2* Pm) 
Active Iength of strain gauge 
Change in length of strain gauge 
X-axis sttain 
Y-axis displacement due to X-axis rotation 
Angle of X-axis rotation 
Radius of rotational circle (L12) 
Change of R due to X-axis rotation 
Change in gauge length due to X-axis rotation 
X-axis strain due to X-axis rotation 
In order to obtain the highest possible resolution, the cameras of the experimental 
apparatus are rotated so that the photonic sensors' X-axes (640 pixels) are aligned with 
the longitudinal axis of the optical strain gauge. Therefore, the photonic sensor's X-axis 
measures longitudinal displacements and the Y-axis measuns lateral displacements 
relative to the axis of the optical gauge. 
Nonnally, when the strains are calculated, the Y-axis displacements are not included in 
the calculation since. in most caseso these are similar in botJt, the ff! arid the #2 imge, 
thus csincelling each other. However, it is possible that a test specimen undergoes a 
rotation when the load is applied, resulting in Y-axis displacements that are different 
between the two images. When this is the case. its effect on the straîn reading has to be 
evaluated by including the Y-axis displacements in the calculaiions. 
With this in mind, the following section discusses two methods to calculate stmhs, 
namely i) X-axis sixain if the Y-axis displacements are nearly similar in both images and 
ii) X-axis s& if the Y-axis displacements are ciissimilar. 
Case 1: X-axis strain (withont rotation) 
As mentioned above, the text file contains two sets each of 15 6x1 and 15 6XS values, 
The following statistical procedure is fïrst applied for the calculation of the pixel 
displacements: 
the average and the standard deviations are cdcdated for each set 
the sets with the lower standard deviatiom in each, the 6X1 and 5x2 series are used 
for the calculations 
in each of the two series the values that deviate by more than one standard deviation 
.- ---l..A-A 
CUG GAblUUGU 
the remaining values are used to arrive at a new average for 6X1 and 6x2 
To calculate X-axis strains, the following equations are use& 
h i  - GXl*Pxr 
hl SX2*Px2 
A x - h i - D x z  
Ex = Ax IL 
These equations can be combined to give the foUowhg equation: 
Case 2: X-axis strains (with rotation) 
The calculations for the effect on the strain gauge length (L) of a rotation of the test 
specimen, or the rotational misalignment of the optical stra.in gauge with respect to the 
direction of the applied load, are valid only for cases where the fulcxum of the rotation is 
assumed to be at the axial center of the test specimen. 
F i t  6Y1 and SY2 are derived by the same statistical procedure used to calculate the X- 
axis displacement. To arrive at the Y-axis displacement distances, the following 
equations are use& 
The foUowing equation solves for the Y-axis displacements due to X-axis rotation: 
AY - DY1 - cm1 + DY2)/21 (14) 
To arrive at the corrected strain gauge length the following equations are used (refer to 
Figure 3.6): 
First, the angle of rotation 8 is derived by 
8 = arc sin (AY / R) 
where R is I12. The merence in length of R expressed as AX is denved by 
AX - R(1-COS 0) 
and the ciifference in the length L of the strain gauge (1ILR) is 
a'= 
which, expressed in p-strains (€A, is 
En - (& * 106 )/L 
CAMERA #1 
CAMERA #2 
The figure shows the mnmd positions of the cmnerus and the eflect on the length of the 
X-uxis w k n  rhe cameras are rotared. AY &notes the Y-& Aisphcement us a firnction of 
X-curis rotation, and AX is the disrance by which the X-axis is shortened as a finction of 
this displacernent. 
Figure 3.6 Schematic representation of x-axis rotation 
3 3 3  Effet of rotation on strain gauge Iengtb 
The effect of different angles of X-axis rotation on the length of the s b n  gauge is shown 
in Figure 3.7. The results show that the eHect of the rotation of the X-axis either through 
rotation of the test specimen during initial Ioading, or by rnisaiignment of the gauge's X- 
axis with respect to the direction of the applied load, is significant. At a rotational angle 
of 0.3' the length of the strain gauge is already decreased by 13.7 p.-strains (greater than 
the nominal resolution of the strain gauge), while for example a rotation of l0 and 5' wiil 
result in the decrease of the gauge length by 152 and 3805 p-strains respectively. In view 
cf +Lia ;t ; r r m s r n t ; s r s  +hm+ th- V,rir:e Artde&-* L m  r.lmn.il+* --:+-A A.+&-- +LA +rr& 
U.4- A L  *O A a a A F Y L A V Y  U A - %  U a Y  A W I A Y  W C I I A U I . V . 4 b  YC -1U-lX I l J Y I 4 . k U A ~  UU&II#Ç UlG LGùL 
work. 
O 0.2 0.4 0.6 0.8 1 1.2 
X-axls rotatlon (degrsss) 
Figure 3.7 Effect of x-axis rotation on apparent change of gauge length 
3.4 Characterization of Experimental Apparatus 
Before work could be started for the validation of the strah measuement method, work 
was carried out for the characterization of the apparatus. In particular, it was essential 
that the image size, the pixel dimensions and the distance between the two images be 
detennined. In addition, the effects of lighting, the contrast of features in the images etc. 
on the performance of the template matchhg procedure had to be established. 
Parameters such as the effect of the type of power supply on image stability were also 
determined. The following sections give details on the work to characterize the 
experhental apparatus. 
3.4.1 Micrometer calibration 
The optical strain gauge is mounted on a micrometer stage which can be slid horizontally 
in the X and Y axes by means of a high-precision micrometer screw set having a nominal 
resolution of 0.0001 inches (2.54 pm) / division. Since the X-axis micrometer was to be 
used as a calibration for the detemination of the Mage sizes, the distance between 
images and the pixel dimensions, its precision needed to be verified. A test was 
therefore carried out to detennine the precision of the X-axis micrometer screw. The 
details of the test and the results are given below. 
3.4.1.1 Experimental set-up 
In order to carry out the verification of the precision of the micrometer screw, a feeler 
gauge (Mitutoyo) with a precision of 0.0001 inches (2.54 pm) / division and a range of 
0.008 inches was used, against which the micrometer screw was calibrateci. The 
experimental set-up is shown schematicdy in Fi- 3.8. The feeler gauge was 
positioned in such a way that it could mcasure the horizontal movement of the 
micrometer stage in the X-axis as the transverse micrometer was turned. 
Figure 3.8 Schematic view of the experimental set-up 
for the X-axis micrometer dbration 
3.4.1.2 Tesî 
The feeler gauge was adjusted to zero at a micrometer reading of 0.7000 inches, and the 
micrometer was then tumecl in incrcments of 0.0010 inches, displacing the micrometer 
stage in the X-axis by a comsponding distance. The reading of the fecler gauge was 
taken at each increment and was compared to the X-axis translation as imparted by the 
micrometer. Table 3.41 shows the results. 
The results show that the micrometer displacement as indicated by the screw graduation 
is analogous to the actual displacement as indicated by the feeler gauge. Therefore, the 
displacement of the micrometer stage can be measured at a precision of 2.54 pm, and it is 
well suited as a means for calibrahg the measurement of displacement as detennined by 
the opticd sensor. 
Table 3 -4.1 X-Axis Micrometer Calibration 
1 micrometer reading 1 SD (in) 1 f d e r  gauge reading 1 A ~ e a d i n g  1 
(in) (in) 
0.7000 O 0.0000 O 
3.4.2 Determination of linear pixel dimensions 
The pixel dimensions for the experimental apparatus, as denved by the following 
equations, are nomiaally 0.625 pm in the X-axis and the Y-axis respectively for both 
Where Px and Py are the pixel dimensions in the X-axis and the Y-axis respectiveiy, the 
X-axis and Y-axis image sizes are 400 p m  and 300 pn respectively, and the photonic 
sensor X-axis and Y-axis number of pixels are 640 and 480 respectively. However, the 
configuration of the optical sensor and the high precision essential for strain 
measurernents requires that the hear pixel dimensions are detennined experimentally. 
For this purpose, a test senes was conducted to compare the X-axis and Y-axis 
displacements as measured with the apparatus against displacements measured with the 
calibrated micrometer described in Section 3.4.1. 
3.4.2.1 Test procedure 
The experiment was camed out using the side of a granite diamond drill wre specimen 
havbg a diameter of 100 mm. The specimen was placed upnght and cenaally before the 
experimental apparatus, and the apparatus' X-axis micrometer stage was moved 
horizontally in increments of 25.4 p. This had the effect that the images of the surface 
of the test specimen, as seen by the cameras, was displaced horizontally by an equal 
distance. At each increment, the sudace images of both fields of vision were digitally 
recorded. For the Y-axis calibration, the apparatus was in a vertical position with the 
camera objectives aligned vertîcally relative to each other, while for the X-axis 
calibration, the apparatus was rotated by 90' with the camera objectives aligned 
horizontally relative to each other. 
The displacements recorded by the photographie method were detelTnined by template 
matching and were then compared with the actual incremental displacements of the 
micrometer stage as applied by the calibrated micrometer screw. To arrive at the average 
displacement values, the statisticd method describeci in Section 3.3.3.2 was used. 
3.4.2.2 Test results 
The test results for the X-axis and Y-axis calibration are shown in Table 3.4.2.1 and 
Table 3.4.2.2 respectively. The tables show the template rnatchuig data for the images 
created by each of the two cameras. The nrst column is the cumulative lateral 
displacement of 25.4 pm increments applied to the apparatus by the micrometer screw, 
the second column shows the cumulative displacement measured for image #1 by the 
apparatus with column three showing the increments. The fourth and fifth column shows 
the respective measured displacements for image #2. 
Table 3.4.2.1 X-Axis Pixel Dimension Measmement 
1 displacement ( displacement 1 displacement 1 displacement 1 displacernent 1 
/ cumdativc 
The tables show that there are variations within the measured increments. This is 
image #l 














attributed to the fact that it was difficult to accurately align the micrometer scde marks 
image #2 
cumulative 1 incrementd 




displacements for dcdat ing the pixel dimensions. 
In the case of the X-axis calibration, the results show that the cumulative displacement 
measured by the optical sensor is 95.663% for image #1 and 99.918% for image #2 of 
that a p p M  to the apparatus by the micrometer screw. In the Y-axis calibration test, 
image #1 and image ##2 yielded sensor measurements which were 95.716 % and 95.962 
















































Tabf e 3 -4.2.2 Y-Axis Pixel Dimension Measurement 
1 displacernent 1 displacement 1 displacement 1 displacement 1 displacement 1 
I cumdative 
1 applied 1 measured 1 measured 1 measured 1 measured 1 
image #1 
cumulative I inmemental 
3.4.23 Conclusion 
image #2 
cumulative I incrementzù 
139.7 
The objective of the test series was to detennine the actual linear dimension of the pixels 
both in the X-axis and the Y-axis. The accurate detennination of these values, 
particuiar1y in the X-axis which is the principal axis of s a a i n  measurements, is essential 
133.7 ! 125 1 1301 1 12.1 
for the determination of strains in materials testing and the 
stress changes in the field of mining and civil engineering. 
Pu for the experimentai apparatus is nominally 0.625 pn 
Average 1 12.2 1 12.2 I 
determination of stresses and 
The linear dimension Px and 
(see above). The tests have 
determined the correction factor to be applied for both axes. The foUowing calculations 
are used to arrive at the correcteci values for Px and Py: 
3.43 Determination of the optical strain gauge Iength 
The object of the test series was to determine the precise distance L between Il and I2 in 
order to be able to calculate E using equations 10 and 11. To cany out the determination, 
the apparatus was positioned so that the camera objectives were aligneci horizontally 
miauve to each ouier. Tne appaninis'micromerer stage was moved honZontaily using the 
calibrated micrometer screw of the stage's X-axis. The vertical edge of a machinecl metal 
block was used as the optical target, and the apparatus was moved laterally relative to the 
edge. Micrometer readings were taken with the target edge visible at one extreme, the 
center and the other extxme of the first image and then at the same positions in the 
second image. The experimentai data are and the results are shown in Tables 3.4.3.1 and 
3 A.3.2 respectively. 
Table 3.4.3.1 Measurement of Distance between the Two Images of 
the Experimental Optical Shain Gauge 
Edge Position 1 h6%omexr ~eadinF pp 
left image, left edge 
left image, center 
left imagè, right edge 
nght image, left edge 
right image, center 




0.268 1 inch 
0.2604 inch 
0.2526 inch 
Table 3.4.3.2 Test Results for the Determination of the Gauge Length 
Target Edge position in the 
3.4.4 Summary of characteristics of the experimental o p t i d  strain gauge 
With the results of the calibrations in the previous sections it is now possible to arrive at 
the characteristics of the optical strain gauge. These are given in Table 3.4.4 
Table 3.4.4 Summary of Characteristics of the Experimental Optical Strain Gauge 
Px1 
. Px2 
. h l  
pu2 
X-axis Pixels m e  
0.65334 pm 
0.62551 pm 
0 . 6 5 2 9 7 ~  
0.65131 pm 
640 
Y-axis Number of Lines 
Linear Pixel Resolution 
X-axis Data Points 
Y-axis Data Points 
11 Dimension 
I2 Dimension 
I l  X-axis Resolution 
Il Y-axis Resolution 
I2 X-axis Resolution 
I2 Y-axis Resolution 
Length of Optical Gauge (L) 
Strain Gauge Resolution ( X - k s )  
1 4ûû 
8 - 
(640 x 8) 5120 
(480 x 8) 3840 
(0.65334 x 640) 418 pn x (0.65297 x 480) 313 pn 
(0.6255 1 x 640) 400 pm x (0.6513 1 x 480) 3 12 pm 
(418/5120) 0.0816 p 
(313/384û) 0.0815 p 
(400/5 120) 0.078 1 p 
(312I384û) 0.0814 p 
16939.3 p m  
(0.081 6 + 0.0781)* 106/ 16939.3 - 9.43 p-smhs 
3.5 Effect of the Angk of Incidence of Lighting 
The images created by the optical strain gauge reproduce anas of the test surfaces of 
approximately 0.4 mm x 0.3 mm each. The images are then magnified by a factor of 12 
before they are stored digitally and subsequently analyzed. The surfaces subject to 
analyses are not smooth and highly polished as, Say, that of a microscope specimen, but 
have a rather coarse texture. Because of the mgnification, a typical macbined metal 
specimen, for example, will display large cutting grooves, a diamond drill rock core 
sample or the side wall of a borehole will appear to have large asperities (see Figures 
4.1 a-4.1 d). 
In view of this fact, it stands to reason that the angle of incidence of Lighting on the object 
surfaces will have an effect on the apparent location of surficial features on the image. In 
fact, some features may appear to be displaced by several microns when changing the 
angle of incidence of Iighting from, for example, 45' to 20°relative to the surface. 
In order to determine the effect of angle of incidence of lighting on the apparent 
displacement of surficial features in the images, and how this is affecteci by different 
matp,rials, a series of tests was conducteci, which is described below, 
3.53 Determination of the eff,.r rf changes in the angle of incidence of lighüng 
The test apparatus consists of the optical strain gauge. The light is provided by a Fostec 
DCR II regulated light source with an EKE quartz halogen lamp with the energy peak at a 
wavelength of approximately 700 nm and vimially zero energy at 750 m when equipped 
with an interface idmzd filter. As a consequence, the light is quasi monochromatic, 
which enhances the rrsolution of the image. The fiter has the additional effect of 
filtering out radiation in the infrared region where white iight has its highest thermal 
energy, thus delivering "Cold" light. 
The light is transmitted via a 20-inch fiber optic cable into a Fostec A08900 fiber optic 
light line. The fiber optic light transmission eIiminates any radiant heat from the light 
source and thus, the only t h e d  effect originates nom the light color temperature, 
which is negligible with the infraed filter in place. Attached to the light line is a 5-inch 
cyhdrical lem (Fostec A08836) for light intensity increase. 
For the purpose of the tests, two mgles of incidence of light were used which, due to 
space consbraints and practical feasibility, were chosen at 45' and 20' relative to the 
surface of the test specimen. The light was placed in such a way that it illuminami the 
specimen surface with a weii defined 120 mm long verticai iight bar with a width of 
approximately 8 mm for the 45' and 15 mm for the 20' angle respectively. 
The test specimens were cyhdrical rods in the case of met& and HQ diamond drill 
cores in the case of other materials such as rocks and concrete. The dimensions of the 
specimens were approximately 100 mm diameter with a length to diameter ratio of 2: 1. 
For the tests, the specimens were centered in an upright position in front of the apparatus, 
with the camera objectives positioned normal to the sudace in a vertical configuration. 







The test procedure consisteci of first photographing the specimen surface at a lighting 
angle of 45' and then at an angle of 70' relative to the plane of the surface, and 
computing the apparent displacement of surficial features in the upper and lower image. 
The cornputation of the apparent pixel displacernent (ôX and 6Y) was done by template 
matchhg and the statistical procedure d d b e d  in Section 3.3.3.2. To arrive at the 
displacement distances and b, qat ions  7 and 8 wexe used. The results of the test 
work are presented in the following section. 
The apparent displacement of d c i a l  features as a frinction of the angle of incidence of 
light relative to the specimen surface for each matenal is given in Table 3.5.1. The table 
shows that the Limestone specimen is the most sensitive of the materials to change of the 
angle of incidence of light, followed by duminum. ui the middle of the spectnun are 
concrette and granite while steel and potash show only littie effect to changes of angle. 
Table 3.5.1 Apparent Displacement of Surficial Features as a 
Function of the Angle of Incidence of Light 









The results show that changes in the angle of incidence of lighting has a significant effect 
on the accuracy of the opticai sbcain gauge. In view of the fact that the surfaces of the 
objets have relatively large asperities when viewed at the magnincation of the apparatus, 
these results are to be expected. It can be concluded that the best accuracy can be 
attained when the Iighting is coaxial with the optical anis of the systern. Not only does 





























this provide a constant angle of incidence but it will also have the effect that surface 
features will be much better defined. This is because asperities will no longer appear as 
three-dimensional feaîures with shadows that may change the appearance and location of 
the featwes as the angle of incidence of the Iight is changed. 
3.6.1 Introduction 
The experimental apparatus has provisions to effect coaxial Lighting. It consists of a 'Tu 
junction in the optical tube just behind the focal lem, into which a Iight source can be 
introduced. The light is then reflecteù 90' coaxially and integral with the optical system 
by means of a semi transparent &or installed at a 45' angle inside the optical tube. 
Trials were conducted in this configuration with 30-inch goose neck fiber optic light 
trammitiers whose polished ends were insertai into the T-junctions. The light sources 
were Fostec DCR IIs' equipped with EKE quartz halogen lamps and detachable idkared 
filters. However, these tests were not successful since the avdable light source was of 
insufficient intensity and did not illuminate the specimen surface adequately to obtain 
images. The explanation is that the 45' angle mimr is semi transparent and only a 
portion of the light gets reflected onto the object surface, resulting in the illumination to 
be inadquate. It is concluded that a much stronger light source or a different optical 
anangement wodd be required for this configuration. 
Since a stronger light source was not available for the experiments, another, practicable 
solution had to be found for the lighting quirements of the subsequent experirnental 
work. The best alternative was the extemai installation of the Light source at the possibly 
most parallel angle relative to the optical 4 s .  
It was possible to effcct such a configuration by attaching the polished ends of the fiber 
optic conductors next to each of the two objective pnsms at an angle of 15' relative to the 
optical axis. The lights were installed in such a way that the respective areas of the 
surfaces to be photographed were in the center of the light spots when the images were in 
focus. This configuration provides approximately 15 mm diameter circuiar light spots on 
the object's surface. Since this configuration is an integral part of the apparatus, it 
facilitates a constant angle of incidence of the light, and consistent lighting of the object's 
surface regardless of position or the rotation of the appanihis. 
The installation is illustrateci in Figure 3.9. The light source was equipped with infrared 
filters which, in conjunction with the fiber optic light transmission, provided cold light, 
thus eliminating any thermal effect. 
The figure shows the anan ement of the two fiberoptic spotlights. They are insîalled 
extenuzlly at an angle of l d tu the optical axis. The distance to the object is adjusted so 
t h t  the location of the light spots is optimized when the suface is in focus. 
Figure 3.9 Optical Lighting Arrangement 
3.6.2 Tests 
Because it was planneci to use the spot light method for al1 subsequent test work, its 
performance and suitability needed to be evaluated. Therefore, a atest series was 
conducted when the method was compared against the light bar method used previously. 
The parameters of interest were the system's accuracy . 
3.62.1 Test procedure 
The test procedure was similar to that carried out for the tests to evaluate the effect of the 
angle of incidence of light, however with the difference that only the illumination with 
the light bar positioned at 4 9  was cornparrd with that of the spot lights. Four different 





The accuracy of the system cm be determined by repeated image acquisition of a 
constant, non-changing surface, and the detennimtion of the amount of apparent 
displacement of surficial features in the diEferent images relative to one another. 
The amount of apparent displacement can then be considered a measure of the entire 
system's 'hoise". This can be a function of the quatity of the acquired image, variations in 
the performance of the system's hardware components such as lighting, the cameras and 
the image digitization and storage, and lastly the performance of the image andysis 
rnethod. 
Changes in environmental conditions such as vibration and variations in temperature also 
contribute to inaccuracies but they are extemal to the system and c m  therefore be 
controlled during the performance of the tests. In the case of the present work, the 
experiments were camed out in an air-conditioned laboratory in a basement, and hence, 
the temperature was constant and there was no vibration. 
The test series consisted of the following: 
acquisition of five sets of images (the set consishg of a reference camera #1 and 
camera #2 image and a secondary camera #1 and camera #&nage) of the specimen 
surface using the 4 9  light bar 
repetition of the sarne procedure using the spot Lights 
determination of apparent displacement of sudicial features for each set of images by 
template matching 
determination of averages and standard deviations of the apparent displacements 
cornparison of the resuits of one set of experimental conditions with that of another set 
The procedure was repeated for all materials listed above. The results are given kIow. 
In order to obtain a quantitative measure of the performance of the two configurations, 
the average values by which the apparent displacements deviate fkom zero can be used. 
However, in the experimental work these values are a combination of positive and 
negative numbers, and the averages cannot be used as a tme representation of the 
deviation since, in theory, it may be zero while the deviations may be large. Therefore, 
the standard deviations aie used to axrke at a mie indication of the apparent displacement 
of suficial features while the averages are observed to ve- the absence of systematic 
errors or deviations fjrom around zero. 
The result are presented in the tables below. Table 3.6.1 shows the apparent 
displacements of surface features. The data are the averages and standard deviations for 
five tests. The results in the table show that in tests with al l  materials the spot lights gave 
lower standard deviaîions than the light bar. This is an indication that the surfaces were 
bemr illuminateci with the spot lights, producing better images. 
Table 3.6.1 Apparent X-Axis Displacement as a Function of Light Source 
(averages and standard deviations for 5 tests) 
As alrrady discussed previously, the deviation fÎom zero is the 'boise" or the accuracy of 
the system. When the X-axis displacement is calculated as apparent strains using 
equation 11, then the accuracy of the system can be expressed in p-strains, which is listeci 
in Table 3.6.2. The calculation is based on the experimentai &ta show in Table 3.6.1. 
The results show again that the spot lights produce a beîîer accuracy than the light bar, 
particularly in the case of aluminum and potash. 
Table 3.6.2 X-Axis Displacement 
Expressed in p.-strains 
1 APPARENT STRAIN O(-axis) 1 
Ll MESTONE +/-1.2 +/-1.4 
POTASH +/-1.7 +/4.3 
3.7 Opümization of Camera Performance 
As mentioned above, the system's noise is a function of the sum of the performances of 
the various components compnsing the system. 
The most important parameter is the measurement of the relative displacements of 
features on the two images of the test surface separated fkom one another by a known, 
constant distance. In the configuration us& in the experimental apparatus the images are 
acquired by two separate carneras held in place rnechanically so as to ascertain that the 
distance between them is constant. 
However, regular CCD camera images are to varying degrees subject to float, jitter and 
compression variations, showing on the screen as movement of the image, and also 
manifesting itself as measurable displacement of the pixel locations. 
When there are two separate cameras each with its own set of fluctuations, such as is the 
case with the experimental apparatus, the dative distance of surficial features between 
the two images will vary accordhg to the de- of fluctuations, adversely affecthg the 
accuracy of the disphment  measurements. Using a single camera which is able, by 
means of a suitable optical prism, to generate a single split image of two separate areas 
can d u c e  this effect substantidy, since the image variations will  affect the split image 
more uniformly than that of two separate camera images. 
During the initial experimental work it was noted that the images of both cameras showed 
discemible movement. It was found that one major parameter for the performance of a 
CCD camera is the supply of electrical power. CCD cameras are sensible to inductive 
noise such as that of electrical motors, etc. in the electrical lines. In the case of the 
experimental apparatus, a regular plug-in transformer & rectifier (Basler Electric Class 2 
Plug-In Transformer) was used to convert the llOVAC h e  voltage to 24 VDC needed 
for the cameras. This was found to be the primary reason for the relatively high variation 
of the optical sensor system experienced in some of the initial work with the apparatus. 
3.7.1 Tests on the effect of power supply on the performance of CCD cameras 
To shidy how the type of power supply aFfects the movement of the camera image. the 
Basler Electric Class 2 Plug-In Transfomer @ereon in refeçred to as "plug-in") power 
supply was compared with power obtained fkom two 12V (car) batteries connected in 
series, giving a constant power of 25 VDC. Tests were conducted with the optical 
apparatus and the template matching program to quantify the performance. 
The fouowing test procedure was employed: 
using the plug-in power supply, acquisition of eight successive sets of images (the set 
consisting of a reference camera #1 and ln image and a secondq camera #1 and #2 
image) of a stationary aluminum specimen surface, using the spot lights 
repetition of the same procedure with the b a r n  system. 
determination of apparent displacement of surfkitil features for each set of images by 
template matching. 
determination of averages and standard deviations of the apparent displacements. 
comprison of the results of one set of experimental conditions with that of the other 
set 
3.7.2 Test results 
The ef fm of the type of power supply on the movement of the images is show in Table 
3.7.1 and Figure 3.10. It can be seen that the type of power supply has a significant effect 
on the performance of the CCD camera. 
Table 3.7.1 Effect of Power Supply on 
the Movement of the Camera Images 
As shown in the table, and in figure 3.10, the X-axis movement of the images can be as 
high as 0.24 pixels and 027 pixels respectively for images #1 and #2 when the plug-in 
power supply is used. In contrast, image movement with the battery power supply show 
maximum variations of 0.07 and 0.03 pixels for images #1 and #2 respectively, well 
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Figure 3.10 Effect of power suppty on image movement 
m e n  these variations are converteci into apparent strains using equation 11, the results 
obtained are given in Table 3.7.2 and Figure 3.1 1. In this case, the difference in 
performance for the two different configurations becornes even more conspicuous. The 
tests with the plug-in power supply resulted in a peak apparent deviation of 15.77 p- 
strallis, almost twice that of the nominal resolution of 9.43 p-strains, while with the 
battery as power supply the maximum apparent deviation was 2.31 p-strains. It will be 
noted that apparent displacements are sometimetimes below the nominal resolution of the 
apparatus and should, in theory, be impossible to obtain. However, due to the statistical 
procedure in calculating 6x1 and 6x2 it is possible to get values which are lower than the 
nomiad resolution. Therefore, these values should be considered zero. 
- - - - -  
Sanple- 
Figure 3.1 1 Effect of power supply on apparent strain 




battery 1 plug-in 
As mentioned earlier, the eff'ect of movement of the images is reduced substantially when 
a single camera is uxd, something which shouid be considered in the commercial 
development of an optical sensor. However, the experimental apparatus is equipped with 
two came-, and the image movement is a detriment in the performance of the tests for 
the validation of the measuring principle. it was therefore fortunate that the problem 
could be identified, and that a satisfactory solution could be found. 
Since the variance of the image movernent, and also the total accuracy of the system in 
the tests with the battery was found to meet the desired aiteria of the apparatus, it was 
decided that all M e r  tests wilI be carrïed out with the battery system as power supply 
for the cameras. 
In view of the fact that previous work on the de t eda t ion  of the image size and the 
effect of angle of incidence of lighting was camed out with the plug-in power supply, the 
validity of these results was re-examined in light of the low accuracy obtainable with this 
device. 
The l e s t  signîficant efféct of the lack of accuracy is in the determination of the image 
size. The micrometer with a precision of 25.4 pn was uscd to calibrate this size. At an 
accuracy of 4- 0.25 pixels such as obtained with the plug-in power supply, the optical 
sensor is considerably more accurate than the micrometer. Therefore, the calibration 
remains valid. 
In tests for the effect of the angle of incidence of lighting, the low accuracy of the system 
can be disregardeci since the test did not include an absolute rneasurement but was a 
qualitative and relative cornparison. In addition, it involved the taking of five simples in 
each test for which standard deviations were detennined. H e m ,  any unusual random 
deviation wodd have had only a small effect on the hnal result. 
CHAPTER 4: VALIDATION OF THE OPTICAL-DIGITAL SENSOR AS A 
STRAIN GAUGE 
4.1 Introduction 
The ultimate purpose of the experimental work is to validate the optical-digital method as 
a means to measure strains such as used in the measurement of material properties and 
stresses. In effect, the work sets out to show that the method perfonns equally to that of 
the conventional methods used, but with a major advantage that there is no need for 
contact witb the surfaces to be rneasured. 
In order to demonstrate the validity of the novel methoci, a series of tests was conducted. 
The objective of the tests was to 
dVectly compare the strain measurement by the optical strain gauge to that of 
electrical s& gauges 
a to conduct these measurements with a method that is valid and accepted in the 
domain of materials testing so as to prove the performance and the validity of the 
optical sensor 
to see how the surface appearance and morphology of different materials affects the 
performance of the method 
4.2.1 Test set-up and procedure 
The measurement of the deformability parameters of a matenal like rock involves the 
placement of a sample, usudy in the shape of a cylindrical rod with a length to diameter 
ratio of about 2: 1, in a press and applying pressure onto the sample to rrttriin axial and 
transversal strains. The amount of axial and transversal strain, in the range of p-strahs, is 
normally measured by strain gauges artached axiaUy and transversely onto the side of the 
sample. The amount of strain at a given load is used to calculate the elastic modulus E and 
the Poisson's ratio v of the material respectively. This is an ASTM standard procedure 
described as D-3148-86 in the ASTM standard test methods. 
In the case of the experhents, the test samples consisted of diamond drül cores and 
mchined rods respectively, with a diameter of 100 mm and a UD ratio of 2.0. The 
following materials were tested: 
Electrical 15 mm long 3-gauge rosette strain gauges of the type MM WK-13-500WR-350 
with the gauges arranged at 450 fmm one another were used to measure the strains. The 
gauges were used in conjunction with a Measmernent Group SB-10 Balancing unit and a 
P 3500 Strah Iadicator. Three strain msettes were attached on the sides of each test 
p i m e n s  equi&tant h m  each end of the cylinder and equi-distant fbm one another 
around the perimeter of the specimen, with one gauge paraIlel, one at 45' and one 
pexpendicdar to the axis of the specirnen. Owing to difficulties in anaining good bonding, 
the potash spechen had only one rosette installed. 
The appmved procedure was employed to glue the main gauges onto the specimen, 
including preparation of the surfaces and using M-Bond AE-10 adhesive for the potash 
sample and M-Bond 200 adhesive for the remainder of the samples. For the purpose of 
identification of the electrical strain gauge and its orientation, the gauges were numbered 
Rosette #l axial gauge 
45' gauge 
transverse gauge 
Rosette #2 axial gauge 
45' gage 
transverse gauge 
Rosette #3 axial gauge 
45' gage 
transverse gauge 
The test samples were placed upright in a Tinius Olson 27 240 kg (60 000 pounds) capaciq 
press and adjusted so that the applied compressive load would result in equal strain 
readings for alï three axial s m h  gauges. Because of impetfections of the specimen ends 
and also because of inhomogeneiq and anisotcopy of some rnatenals, this couid be 
achieved ody to varying degrees of success. The specimen were then loaded to 27 240 kg 
@otash to 5 448 kg) and the load was decreased at increments of 4 540 kg ( 10 000 lbs) 
with potash at 908 kg (2 000 lbs), while taking sirain gauge readings at each increment. 
There were reasons for using a decreasing load cycle. The fkst m o n  was that it made it 
possible to v e m  the proper placement of the specimen. To do this, d e  sstrains of the three 
axial sîrain gauge readings were compared at maximum load and adjustments were made to 
the specimen in order to obtain reasonable agreement between the strain readings at the 
maximum loads. The other reason was that the specimen underwent large, non-linear axial 
translations in the direction of the applied load at the lower load incrernents due to settüng- 
in of the specimen and flexion of the press platfom (these became considerably smaller 
and more hem at higher loads). This had the effect that the optical strain gauge images 
showed large displacements at low loads. It not ody adversly affected the accuracy of the 
measurement but also caused large portions of the surface feaûues to be displaced beyond 
the image boundaries as the load was increased, making template matchhg viaually 
impossible. 
The opticai sîrain gauge was installecl on the test machine table so that it was possible to 
photograph the specimen surface immediately next to one or between two of the rosettes. 
As desaibed in Section 3.2.1, the experimental apparatus is equipped with a feature that 
allows it to be r o W  parallel with, and almg the center of the optical axes of bot.  camera 
systems, thus making it possible to measure s tmh on the specimen surface at any angle 
(see Figure 3.5). This allows the strain measurement parallel to and perpendicular with the 
specimen axis as well as at 45Oto the axis, similar to that of the strain rosettes. 
Prior to a test, therefore, the optical strain gauge is rotated to the desired angle, the x-axis 
micrometer is used to search areas on the surface which have good contrast features, and 
the y-axis micrometer is used to h g  the images into focus. Photographs are recorded at 
each loaù increment concurrently with the mrding of the strains m e a s d  with the 
electrical strain gauge. The photographs are digitized, stored in a cornputer and processed 
by the method already described- 
Figure 4.1 shows typical surface images of the various matenals. It can be seen that, in 
general, the images have poor contrast and seem out of focus. The reason for this is that 
the material surfaces are not polished but are the result of diamond drilling and 
machining the rock and aluminum sample respectively, resulting in relatively rough 
surfaces with large asperities when viewed at the magniscatim of the apparatus. 
It was fond  that the Iack of contrast was reflected in the accuracy of the results of the 
template matching procedure. As explained in Section 3.2.2, the procedure results in sets 
of 15 X- and Y-axis pixel displacement values (6X and 6Y) for each of the images which, 
when viewed statistically, are a measure of how well the procedure was able to recognize 
and determine the location of each template. It can be seen in Figure 4.1 that the image 
of aluminum is the brightest, shows the most details and has good feature contrast. This 
is reflected in tests with aluminum where template matching typicaIly resulted in low 
standard deviations. In conhast, the image of potash is almost devoid of features, having 
the effect that standard deviatiom are more than an order of magnitude higher than those 
of aluminum. The images of granite and limestone show f m s  which the image 
pmcessing procedure was able to recognize relatively weil, resulting in standard 
deviations which were much better that that of potash. To illustrate this, the foIlowing 
table shows examples of strain measurement results and standard deviations obtained 
with the various core samples when subjected to an axial stress of 5.78 Mpa. 
Table 4.2.1 Typical axial displacernent results and standard deviations using the 
optical strah gauge and template matching procedure for core samples subjected 
to 5.78 Mpa stress 
1 matenal 1 displaceÜmt & - ~ a  1 standard deviation ( 




The examples indicate that the accuracy of the optical strain gauge method is to a large 
degree dependent on the quality of the images, which in the case of the experimental 
apparatus are poor, as seen in Figure 4.1. However, it mua be kept in mind that these 
images were obtained with the experimental apparatus which has lùnited capabilities and 








Figure a: aluminrun Figure c: limestone 
Figure b: granite Figure d: potaîh 
Figure 4.1 
Typicd Optical Strah Gauge Images of the Various Materials 
is not able to produce better quality images. 1t is certain that an o p W e d  system with 
coaxial lighting, better optics and a more suitable camera system will produce more 
consistent and better quality images, resuling in much better accuracies. 
Another aspect of the experimental procedure is the relation between large axial 
translations of the images due to movement of the test m e n  in response to the 
applied load and the smaU displacements of image features due to strain, which, on 
average was about 1/10 that of the axial translation. This certainly has a detrimental 
effect on the accuracy of the results. 
Yet another aspect of the method is the teaiplate matching procedure which is probably 
not the best method available. It is certain that research and development for the 
opthkation of the image recognition & position determination will produce a more 
robust software which will be capable of producing more accurate results. 
With regard to axial rotation, the 11 and I2 Y-axis displacements in aIl tests were 
comparai to v e m  the absence of divergence. It was found that al l  tests had vktually 
similar Il and I2 Y-axis displacements with the largest difference found in a test with 
&ranite where the strain atîributable to axial rotation was 0.1% that of the total strain. 
4 3  Axial Strain Measurements 
In the axial straïn measurements, paralle1 with the applied load, the optical sensor was in 
a vertid position, and the measmments were compared with measuements made with 
the axial strain gauges #1, #4 and WI respectively. 
In the details below, the location and position of the opticaI sensor for each test is given 
in order to be able to evaluate the performance of the optical sensor by conparison with 
the corresponding strain gauges. 
The initial tests were carried out with aluminum following the procedure outlined in 
Section 4.2.1.. Since duminum is homogeneous and isotropie, it was reasonable to 
assume that the strains around the specimen would be relatively constant and that a direct 
comparison between the two sensing methods could be made. 
The aluminum test specimen was positioned in such a way that the optical strain gauge 
photogxaphed a region 10 mm next to and parallel with the axial gauge #4. It was hoped 
that the close proximity to the strain gauge would allow a direct comparison of the 
measurements between gauge #4 and the optical strain gauge. 
The results are given in Table 4.3.1 and are shown in Figure 4.2 which also shows the 
theoretical values for aluminum based on a quoted elastic modulus of 10.6~10~ psi
(Marks Standard Handbook for Mechanical Engineers, see reference). 
Table 4.3.1 Axial Strain Measurement of Aluminum (1) 
I Stress I p-strains J 
I W a )  I gauge #4 1 gauge #1 1 opticai gauge 1 
Figure 4.2 Axial strain measurement of aluminum 
Optical sensor vertical 10 mm from gauge #4, between gauge #4 and gauge #1 
O 1 O 



























The resdts show that the optical strain gauge follows very closely the axial strains 
measured with the electncal stra in gauges. In addition, the optical gauge resuits compare 
more favorably with the theoretical cuve than that of the elecsical gauges. 
In view of the successfid resdt, the axial strain measurement cornparison test was 
repeated with a l l  other materials as detailed in the following section. 
4.3.2 Axial stwin measurements with other materials 
The remainder of the materials, already listed previously, was subjected to the same axial 
tests as that with aluminum. The objective of the tests was to evaluate the optical strain 
measurement method with materials that have different mechanical properties and sudace 
appearances such as seen in the field of mIning and civil engineering. 
The test procedure, described in Section 4.2.1, was similar to that for aluminum except 
for potash, where the load was only 5 448 kg instead of 27 240 kg. The resuits of the 
tests are given in Tables 4.3.2 to 4.3.4 and Figures 4.3a to 4 . 3 ~  respectively. 
It can be seen that for tests with granite, limestone and potash the results of the optical 
strain gauge are virtually identical with that of the respective eloctrical strain gauges. 
The slight ciifferences between the strain measurement nsults are most likely attributable 
Table 4.3.2 Axial Strain Measurements of Granite (1) 
1 .Optical sensor vertically centered between gauges #1 and #4 
MPa 
O 
Figure 4.3a Axial strain rneasurernents of granite 








TabIe 4.3.3 Axial Strain Measurements of Limestone (1) 
( MPa 1 gauge #1 1 gauge #4 1 opticai gauge 1 
I .Optical sensor vertically next to gauges #4 
Figure 4.3b Axial strain measurements of lirnestone 
Optical sensor vertically next to gauges #4 
Table 4.3.4 Axial Strain Measurements of Potash (1 ) 
stress p-strains 
MPa gauge #l 1 gauge #4 1 optical gauge 
1. Optical sensor vertically next to gauge #1 
Figure 4 . 3 ~  Axial strain measurements of potash 
Optical scnsor veaically next to gauge #1 
to the fact that the optical strain gauge was not measuring in the exact same location as 
the comparative elecaical sirah gauge, and that actual saains on different locations of the 
specimen surfaces were not identical. The results are particularly remarkable for the test 
with potash and limestone, where the surface images did not show many distinguishing 
features and template matching results for both materials had relatively large standard 
deviations. It is also noteworthy that all results were obtained in spite of the large 
translations of the test specirnen in the direction of the applied load. 
4.4 Strain Measurements at other Angles 
The objective of the following two test series was to see if the experimenral apparatus 
would be capable of measuring strahs at angles other than that of the specimen axis 
when subjected to axial loads so as to simulate the configuration of a rosette strain gauge. 
The test senes comprised measurements with the apparatus rotated at an angle of 45', 
paralle1 with the 45' strain gauges #2, #5 and #8 respectively, and the apparatus rotated 
into a horizontal position to measure strains perpendicular to the applied load, parallel 
with strain gauges #3, #6 and #9. 
Details of the tests are given in the following sections. 
4.4.1 Strain measurements at 450 to the appiied load 
The results of the tests are given in Tables 4.4.1 to 4.4.4 and Figures 4.4a to 4.4.d 
respectively, and are discussed below. The figures show the cornparison between s h s  
measured with the optical strain gauge and the elecflcal strain gauges between which the 
optical measurements are made. 
One factor in cornmon for a i l  tests with the optical strain gauge at 45' was that the 
measurements were erratic. A possible reason for the erratic res~dts is that displacements 
amibutable to the strains at 45' to the axis of the core are sigaificantly smaller than the 
displacements caused by the translation of the core in the direction of the load. These 
large displacements may lead to higher inaccuracies in determining the template 
coordinates. This is supported by the observation that the results are more erratic at the 
lower load incrtments where the axial translation of the core sample is much higher than 
at the higher loads. 
The test with aluminum at 4 9  includes the theoreticai values for durninum based on a 
quoted elastic modulus of 10.6~10~ psi and a Poisson's Ratio of 0.33 (Marks' Standard 
Handbook for Mechanical Engineers). Tht results in Figure 4.4a show that, albeit very 
emtic, the optical sensor values foUow the theoretical curve mucb closer than either of 
the electrical strain gauge. In addition it can be seen that the elecaical strain gauge 
c m e s  also show a certain de- of erratic behavior. The reason for this is not clear. 
Table 4.4.1 Aluminum: strain measurement at45' to the applied load(l) 
1 MPa 1 gauge #5 1 gauge #2 ) optical gauge 1 
1.Optical sensor at 45' 10 mm from gauge #5 between gauges #5 and #2 
/-gaugee 
! ~+9;#i98#2 1 
j+op~senw~r; 
; + theoretical : 
Figure 4.4a Aluminum: strain meanirement at45' to the applied load 
Optical sensor at 45' 10 mm fiom gauge #5 between gauges #5 and #2 
Table 4.4.2 Granite: strain measurernent at4s0 to the applied load(1) 
1. Optical sensor at 45' centered between gauges #2 and #5 
MPa 
O 
Figure 4.4b Granite: strain measurernent at4s0 to the applied load 







Table 4.4.3 Lirnestone: strain measurement at4so to the app1ied Ioad(1) 
1. Optical sensor at 45' centered between gauges #5 and #2 
Figure 4.4 c Limestone: strain measurernent at45O to the applied load 
Optical sensor at 45' centered between gauges #5 and #2 
Table 4.4.4 Potash: strain measurement at45' to the applied ioad(l) 





Figure 4.4 Potash: strain measunment at4P to the applied load 











In the test with granite the saain measurements with the optical strain gauge was 
generaily higher than that of the corresponding eiectrical strain gauge, while there was 
good agreement bnween the optical stxain gauge and both electncal s& gauges in the 
test with limestone. In the test with potash the optical s a  gauge gave very erratic 
results without any correspondence with the electrical sh.ain gauge. 
4.4.2 Strain measurernents normal to the load 
In this test series the apparatus was rotated hto a horizontai position to measure strains 
nomal to the appiied load, parallel with strain gauges #3, #6 and #9. The results of the 
tests are given in Tables 4.4.5 to 4.4.8 and Figures 4.4e to 4.4h respectively. 
As can be seen in Figure 4.4e, in the duminum test the optical sensor measurement 
follows closely that oft the theoretical curve based on a Poisson's Ratio of 0.33 and r h t  
of gauge #6, lOmm next to the optical measurement location, albeit in an erratic manner. 
In the test with granite, the optical strain gauge was place. in the center between gauges 
#3 and #9. The measurements followed the generd trend of the electricai strain gauges 
but was slightly lower than the readings of gauge #3 and considerably Iower than gauge 
#9. The best results in the test series were obtained with the limestone specimen. The 
optical sûain gauge was located in the center between the electrical strah gauges #3 and 
#6, and the opticai strain curve was also between the c w e s  of the two gauges. 
Table 4.4.5 Aluminum: strains normal to the applied load 
1. Optical sensor horizontal 10 mm from gauge #6, 




Figure 4 . k  Aluminum: strains normal to the applied load 
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Table 4.4.6 Granite: strains normal tu the applied load (1)  
1 stress 1 D-strains I 
1. Optical sensor horizontal between gauge #3 and gauge #9 
MPa 
O 
Figure 4.4f Granite: strains normal to the applied load 







Table 4.4.7 Limestone: strahs normal to the applied load (1) 




Figure 4.4g Limestone: strains normal to the applied load 








Table 4.4.8 Potash: strains normal to the applied load (1) 
1 stress 1 p-strains I 1 m a  1 gauge#3 1 na 1 opticai gauge 1 
1. Opticai sensor horizontal 10 mm fkom gauge #3 
Figure 4.4h Potash: strains normal to the applied load 
Optical sensor horizontal 10 mm h m  gauge #3 
The test with potash was unstable at the low end of the Ioad cycle while the remainder of 
the readings were stable but much higher than that of the electrical strain gauge. There 
was poor image quality in îhis test, which resulted in Iarge standard deviations in the 
template rnatching results, and the necessity to eliminate a large number of coordinate 
values, particularly for values at the lower Ioad increments where the large axial 
translation has a signifiant effect on the awuracy of the results. 
CHAPTER 5: DISCUSSION 
One way of demonsîrating the vaiidity of the digital image analysis method was to 
directiy compare strain measurements of the optical strain gauge with that of electrical 
s a a i n  gauges in recognized and accepted tests such as the uniaxial load test used to 
determine the elastic properties of materiah. However, before these tests couid be 
conducted, the characteristics of the experimental apparatus needed to be established, and 
the different parameters affecthg the quality of the measurements were identifiai and 
op tixuized. 
Within this initial test work it was found that the angle of incidence of the light on the 
object had a significant effect on the accuracy of the strain measurements. In view of the 
fact that the surfaces of the objects have relatively large asperities when viewed at the 
magnification of the apparatus, this effect was to be expected. B was conchded that the 
best accuracy can be attained when the lighting is provided directly through the optical 
system coaxially with the optical axis. Not only does this provide a constant angle of 
incidence but it will also have the effect that surface features will be much better defïned. 
This is because asperities will no longer appear as three-dimensional features with 
shadows that change the appearance and location of the features as the angle of incidence 
of the light is changed. Since coaxial lighting was not possible in the experimental work, 
a set of fiber optic spotlights, as described previously, was used. This set-up performed 
weU enough to aüow Uie performance of the experiments. 
It was also obsenred that the images displayed a considerable amount of float and 
compression variations. Shce the apparatus has two independent camera systems, each 
with its own set of fluctuations, it was found that this had a significant effect on the 
accuracy of the straîn measurements. These fluctuations could be reduced by almost an 
order of magnitude by using a constant, noise-& power source such as that of a battery 
instead of a regular electricd line DC power supply. It should be possible to reduce the 
deleterious effect of image fluctuations further if a single camera system is used. 
One of the objectives of the experimental work was to evaluate the effect of surface 
morphology on the accuracy of the strain measurements. It was found that surfixes with 
Little details caused difficulties in properly locating templates. In tests with potash, for 
example, whose surface had an almost amorphous appearance, the rejection rate of 
template matching coordinates was much higher than that in other materials which had 
better surface definitions This was also reflected in the expenmentai results, where 
potash usually showed a much lower comlation with the electrical strain gauges than that 
of other materials. 
Expeliments to validate the optical-digital method was designeci not only to demonstrate 
the viability of the concept but also to evaluate its performance when used in a srosette 
strain gauge configuration. The objectives could be met by conducting uniaxial loading 
tests and comparing the measurernents of the optical strain gauge with that of electrical 
rosette strain gauges at different angles relative to the direction of the Ioad. 
It was found that the optical strain gauge perfomed very well in axial strain 
measurements. In tests with aluminum, granite, limestone and potash the resülts of the 
optical strain gauge were virtuaIly identical with that of the respective electrical straUi 
gauges. Slight ciifferences between the strain measurements were attributed to the fact 
that the optical s e  gauge was not measuring at the exact same location as the 
comparative elechical sirah gauges. Differences in leadings obtained with the latter at 
merent locations showed that the strains on the test surfaces were not identical. 
The good results of the axial strain measurements are especially remarkable for the test 
with potash and limestone, where the surface images of the former were almost devoid of 
features and template matchhg series for both materials had relatively large standard 
deviations. 1t is also noteworthy that ail results were obtained in spite of the large ratio 
be-n image displacements caused by the axial translation of the test specimens in the 
direction of the applied loads and the small displacements attributable to the 
compressional or dative strains in the test specimen. In the experimental apparatus 
these translational displacements generally lead to dificulties in accurately determining 
the positions of the templates because of changes in lighting angles, image distortions and 
the movement of image features beyond the image boundarïes. 
In tests at 450 to the direction of the load it was found that most of the measmments with 
the optical spnsor were to varying degrees erratic, which couid be explained by the large 
axial transIation of the test specimens relative to the small strain diqIacements obtained 
at 45'. The results show that in the test with limestone there was good correlation while 
in the test with aluminum the opticd sensor values follow the theoretical curve much 
closer than either of the electrïcal strain gauges. Poor correlation was obtained in tests 
with granite and potash. 
Measurements with the optical sensor normal to the load were also to varying degrees 
erratic, again attributed to the large axial transIation of the test p i m e n s  relative to the 
small strain displacements. In spite of this, the results of the optical strain gauge 
measurements were very good in the tests with aluminum and limestone. In the former, 
the data agree well with that of the theoretical strains and the measurements with one of 
the strain gauges. The optical sirah gauge measurement in the test with granite followed 
the general trend of the electrid strain gauges but was slightly lower than the 
comparative values of the electrical strain gauges. 
On the other hand, the test with potash was unstable at the low end of the load cycle 
while the remainder of the readings were stable but rnuch higher than that of the electrical 
s& gauge. There was poor image quaiity in this test, which resulted in large deviations 
in the template matching sets that necessitated the elimination of a large number of 
values, particularly at the low load cycle. The cumulative dispiacement measurements 
may be influenceci unfavorably when the first point of the c m e  is erroneous, which may 
have k e n  the case in the test with potash. 
As pointed out above, the experimental apparatus and test procedure had certain 
limitations which had a detrimental effkct on the s& measurements. Particdarly 
troublesome was the large axial translation of the test specimen. This translation is 
caused b y  i) the relatively soft platform of the press used in the tests that flexes under 
load, especiaUy at the low end of the load cycle, and ii) the contact effects between the 
platens and the specimen d d g  load initiation. These effccts do not come into play in 
field instrumentation and cm be avoided or ameliorated in materials testing. 
Another detrimental characteristic of the apparatus was the inability to obtain well 
focussed images. When placing one of the test samples under a regular microscope with 
the same magnification, it was possible to obtain an image which showed much better 
contrast than that obtahed with the experimental apparatus. It should be possible to 
obtain similar quality images by optimizing the optical system. However, this was 
beyond the scope of the present work. 
In gened, the test series were successful in demonstrating the viability of the optical- 
digital strain sensor concept There were discrepancies in some of the result, but as 
mentioned above, most of these can be attributed to some of the shortcomings in the 
experimental apparatus, the image processing method and the test procedures. The 
apparatus and procedures were not designed to optimize the optical-digital method, but 
merely to demonstrate the principle and to iden- some of the charactrristics of the 
method. In that, the test series has very well succeeded and has met its objectives. 
CaAPTER 6: CONCLUSION GND RECOMMENDATIONS 
The ultimate purpose of the experimental work was to validate the optical-digital method 
as a means to measure strains and to show that the method performs equally well or better 
than conventional methods, but with a major advantage that there is no need for contact 
with the surfaces to be measured. 
In view of the successfûl results of the experimental work, in spite of all the shortcornings 
and Limitations of the test apparatus, it is certain that an optimixed system will result in an 
even more precise method with the potential of replacing many of the existing methods. 
The use of a single, high resolution, camera with suitable optics for the creation of rnulti 
split images, and optimized coaxial iighting, would result in a very robua system which 
is insensitive to fluctuations, vibrations and positioning while still creating hi@ quality 
images. The elimination of large displacements of the test specimen in materials testing 
would also lead to a significant augmentation of the method's accuracy. Research should 
be conducted to reduce or eliminate this effect FinalIy, the template matching software 
is probably not the best method available. It is ceriain that research and development for 
the optimization of the image recognition & position detemination wiU produce a more 
robust software which wiil be capable of producing more accurate resuits. Future work 
should involve the optimization of the systern as discusseù above. 
Optimization and adaption of the novel rnethod for the different applications will make it 
possible to match or s q a s s  the performance of conventional s a a i n  measurements, 
however with the advantage that the sensor does not need contact with the surface. This 
has sigaificant implications. 1t makes possible the conceptualization of novel rock 
mechanics instrumentation and the replacement of conventional methods, delivering 
measurements at a higher precision and accuracy and at a fiaction of their cost. It also 
has applications in the domain of materials testing in general, and where sîrain 
measurements are not feasible (Le. high temperature ) in particular. 
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